Aims/hypothesis Uncoupling protein (UCP) 3 is an inner mitochondrial membrane transporter mainly produced in skeletal muscle in humans. UCP3 plays a role in fatty acid metabolism and energy homeostasis and modulates insulin sensitivity. In humans, UCP3 content is higher in fasttwitch glycolytic muscle than in slow-twitch oxidative muscle and is dysregulated in type 2 diabetes. Here, we studied the molecular mechanisms determining human UCP3 levels in skeletal muscle and their regulation by fasting in transgenic mice. Methods We produced a series of transgenic lines with constructs bearing different putative regulatory regions of the human UCP3 gene, including promoter and intron sequences. UCP3 mRNA and reporter gene expression and activity were measured in different skeletal muscles and tissues. Results The profile of expression and the response to fasting and thyroid hormone of human UCP3 mRNA in transgenic mice with 16 kb of the human UCP3 gene were similar to that of the endogenous human gene. Various parts of the UCP3 promoter did not confer expression in transgenic lines. Inclusion of intron 1 resulted in an expression profile in skeletal muscle that was identical to that of human UCP3 mRNA. Further dissection of intron 1 revealed that distinct regions were involved in skeletal muscle expression, distribution among fibre types and response to fasting. Conclusions/interpretation The control of human UCP3 transcription in skeletal muscle is not solely conferred by the promoter, but depends on several cis-acting elements in intron 1, suggesting a complex interplay between the promoter and intronic sequences.
Introduction
Uncoupling protein (UCP) 3 is a member of the mitochondrial carrier superfamily with high sequence identity to UCP1 and UCP2 [1] [2] [3] . UCP3 is the only member of the family with a tissue distribution preferentially to skeletal muscle in adult humans. Among skeletal muscles, levels of UCP3 vary according to the type of fibres. Higher levels are found in type II fast-twitch glycolytic and glycolyticoxidative fibres than in type I slow-twitch oxidative fibres [4] . The higher levels in type II than in type I fibres may be related to the respective content in mitochondria and associated functions. Glycolytic fibres show limited numbers of mitochondria and therefore limited capacity to oxidise lipid and to fight reactive oxygen species production. UCP3 may thereby contribute to the protection of glycolytic fibres. Accordingly, mice that lack UCP3 show evidence of increased reactive oxygen species production and oxidative damage in skeletal muscle mitochondria [5] . UCP3 may also play a role in the transport of fatty acid anions. In one model, UCP3 would prevent accumulation of non-esterified fatty acids within the mitochondria preventing mitochondrial damage [6] . In a second model, the export of fatty acyl anions would allow fatty acid reactivation by acyl-CoA synthetases to support fatty acid oxidation [7] . A role in the crosstalk between glucose and fatty acid metabolism is suggested by the effect of UCP3 overproduction in human muscle cells. It results in an increase of fatty acid and glucose oxidation, and also in an enhancement of fatty acid-mediated inhibition of glucose oxidation [8] . These data suggest a role for UCP3 in nutrient partitioning. The importance of UCP3 in wholebody metabolism is further suggested by the fact that high overproduction in skeletal muscle protects against fatinduced insulin resistance [9] . Moreover, physiological overproduction of UCP3 in glycolytic muscles of transgenic mice results in mitochondrial uncoupling, resistance to high fat diet-induced obesity and sex specificity regarding insulin sensitivity and whole-body substrate utilisation [10] . In another transgenic model, physiological overexpression of UCP3 conferred protection from fat gain induced by long-term high-fat feeding [11] .
UCP3 gene transcription in skeletal muscle is highly regulated. The production of UCP3 is dependent on the level of cellular differentiation. Muscle cells differentiated in vitro produce little if any UCP3. Myoblast transplantation in immunodeficient mice revealed that fully differentiated skeletal muscle cells are required to reach in vivo levels of human UCP3 mRNA expression [12] . Hormonal and metabolic signals modulate UCP3 levels in vivo. Fasting has been shown to induce UCP3 mRNA expression in rodents and humans [13, 14] . Fatty acids are potential mediators of this effect, which may at least in part depend on the activation of peroxisome proliferator-activated receptor (PPAR)α in skeletal muscle [15] . Thyroid hormones are also strong inducers of UCP3 expression in humans and in mice [14, 16, 17] .
The promoter of the human UCP3 gene has been mapped and partly characterised [18, 19] . In muscle cells, the myogenic differentiation 1 factor (MyoD) is required for substantial promoter activity [20] . Upstream of noncanonical elements binding MyoD is located a functional PPAR and retinoic acid-responsive element. This site also mediates the thyroid hormone effect, indicating that it behaves as a multihormonal responsive element [21, 22] . However, molecular studies on the regulatory elements governing UCP3 production in skeletal muscle and its regulation by hormones and metabolites have so far relied on cells in culture, which produced very low levels of UCP3 and consequently do not constitute optimal models. Investigation of the transcriptional regulation of UCP3 may be relevant to human metabolism, as several reports have highlighted the association between a polymorphism in the UCP3 promoter and both adiposity and type 2 diabetes in human populations [23] [24] [25] . To date, no investigation has been carried out to identify the molecular mechanisms responsible in vivo for muscle production of human or murine UCP3. Here, we studied the importance of regulatory sequences in the human UCP3 gene in vivo in transgenic mice.
Methods
Generation and analysis of transgenic mouse lines Animal protocols were performed in accordance with the INSERM and the Louis Bugnard Institute Animal Care Facility guidelines. DNA from a bacterial artificial chromosome clone (Genbank accession number AF050113) containing the human UCP3 gene (provided by the Institut de Recherches Servier) was amplified by PCR (Expand Long Template PCR System; Roche Diagnostics, Meylan, France) and the following primers: forward 5′ GGCCTCCC AAAGTGCTGGGGTTACAGA 3′; reverse 5′ TGCACAC CACATGTCTGCTTTCCAAGG 3′. The 16,023 bp (16 kb) fragment was subcloned into the pGEMT easy cloning vector (Promega, Charbonnières, France). A series of human UCP3 promoter and intronic fragments were amplified by PCR. The PCR products were cloned into the promoterless pCAT3 basic (Promega) and the pSKT-NLS LacZ (Stratagene, Amsterdam, the Netherlands) plasmids. Transgenesis was performed as previously described in B6D2/F1 mice [26] . Mice were housed three per cage at 20°C with a 12 h light-dark cycle. For fasting challenges, mice were deprived of food for 48 h with free access to water. For triiodothyronine treatments, animals of the line expressing the 16 kb human UCP3 transgene were acutely treated with triiodothyronine (50 µg/100 g) or vehicle and killed 15 h later. Tissues were dissected out, rapidly frozen in liquid nitrogen and stored at −80°C.
Cell culture and transient transfection assays Myoblastic L6 cells were obtained from American Type Culture Collection (Rockville, MD, USA); brown adipocyte-derived cells HIB-1B were a kind gift of B. Spiegelman (Dana Farber Cancer Institute, Boston, MA, USA). Both types of cells were grown in DMEM containing 10% (vol./vol.) fetal bovine serum and transfection experiments were carried out in cells at 50% confluence using FuGene6 Transfection Reagent (Roche). Each transfection point was assayed in triplicate and contained 1.5 μg of the plasmids −3.2 kb/ hUCP3promLuc or the −3.2 kb/hUCP3promLuc/intron1 (where 'h' stands for 'human' and 'Luc' for 'luciferase') and, when required, 0.3 μg of the plasmid mammalian expression vectors for various transcription factors and 3 ng of pRL-CMV (Promega), an expression vector for the sea pansy (Renilla reniformis) luciferase used as an internal transfection control. Cells were incubated for 48 h after transfection. Luciferase activity elicited by UCP3 promoter constructs was normalised for variation in transfection efficiency using Renilla luciferase as an internal standard.
Quantification of mRNA Mouse tissues were homogenised in RLT buffer (RNA fibrous tissue kit; Qiagen, Courtaboeuf, France) using a rotor-stator. Total RNA from skeletal muscle was extracted using RNeasy kit (Qiagen). Quantitation of mRNA levels was performed by reverse transcription quantitative PCR [27] .
Reporter gene assay Choramphenicol acetyl transferase (CAT) and β-galactosidase activities were determined on tissue homogenates using standard procedures [28] . In cell transfection experiments, firefly luciferase and Renilla luciferase activities were measured in a luminometer (TD20/20; Turner Designs, Sunnyvale, CA, USA) using a kit (Dual Luciferase Reporter assay system; Promega).
Computer-assisted analysis Genomic regions encompassing the UCP3 loci were extracted from the UCSC Genome database (available at http://genome.ucsc.edu, accessed 9 October 2007) for human, mouse, rat, chimpanzee, rhesus, dog and cow. Human intron 1 and various subsequence fragments were fed in the blastz/Threaded Blockset Aligner pipeline in order to generate alignments to use as a conservation filter in subsequent transcription factor binding site analyses. Jaspar matrices were used in conjunction with the Cis-eLement Over-representation (Clover) search program to look for putative binding sites in the human sequence (http://jaspar.cgb.ki.se, accessed 9 October 2007; the Clover program is available for downloading at http://zlab.bu.edu/ clover). The multi-species alignment was then used to assess the degree of conservation of putative sites (Jaspar PMID: 14681366, Clover PMID: 14988425, TBA PMID: 15060014, UCSC PMID: 18086701). A threshold of 0.95 was set for matrix similarity score to ensure good sensitivity and specificity. Thus, only predicted binding sites with a score over the above threshold were taken into account.
Statistics Values are means±SEM. Statistical significance was determined using the non-parametric Mann-Whitney test and the SPSS package, version 11.0 for Windows (SPSS, Chicago, IL, USA).
Results
The human UCP3 gene is expressed in skeletal muscle of transgenic mice To gain insights into the sequences controlling expression of the human UCP3 gene in vivo, different transgenic mouse lines were created ( c Subdivision of the first intron in fragments named I1 to I4 used in transgenic constructs mice were produced with a 16 kb human UCP3 transgene containing 6.2 kb of the promoter and the entire exonintron sequences. Human and murine UCP3 mRNA amounts were quantified in various tissues ( Fig. 2a-c ). In the two transgenic lines, human UCP3 was expressed at higher levels in glycolytic (biceps femoris and gastrocnemius) than in mixed (diaphragm) and oxidative (soleus) muscle. In heart and brown adipose tissue, the level of human UCP3 mRNA was very low. As expected, no human UCP3 mRNA expression was detected in the kidney. Murine Ucp3 mRNA expression was also higher in the gastrocnemius and biceps femoris glycolytic muscle than in the oxidative soleus muscle. A noticeable difference from human UCP3 was the substantial expression of mouse Ucp3 mRNA in heart and brown adipose tissue.
To determine whether the 16 kb fragment contained the sequences responsible for human UCP3 gene regulation in vivo, transgenic mice were submitted to fasting and treated with thyroid hormone. A twofold induction of human and mouse Ucp3 mRNA expression was observed during fasting in gastrocnemius muscle (Fig. 3a, c) . Acute thyroid hormone treatment also promoted induction of human and mouse Ucp3 mRNA (Fig. 3b, d ). These results demonstrate that the 16 kb human UCP3 transgene contain the cisacting sequences that mediate the effect of fasting and thyroid hormone.
The promoter region is not sufficient to confer skeletal muscle expression of the human UCP3 gene Next, we determined whether the sequences responsible for skeletal muscle expression of human UCP3 were located in the promoter region. Four promoter-CAT gene constructs were microinjected into mouse oocytes (Table 1) . Two to five lines were established for each construct with various portions of the human UCP3 promoter. None of the constructs led to expression of CAT determined both by enzymatic activity and mRNA levels in the hindlimb skeletal muscles as well as in kidney, spleen, white and brown adipose tissues, lung, heart and diaphragm (data not shown). No production of CAT was detected in skeletal muscle when the −2.4 kb/hUCP3 promCAT mice were studied in conditions of enhanced induction of endogenous UCP3, such as the postnatal period or fasting (data not shown). To determine whether these constructs were functional, transient cotransfection of the −5.5 kb/ hUCP3-promCAT with MyoD and retinoic acid receptor expression vectors was performed into muscular L6 cells [20] . A clear induction was observed when MyoD was expressed (6.5± 0.5, p<0.05, n=4). Further induction was observed with retinoic acid receptor in the presence of retinoic acid (9.2± 1.1, p<0.05, n=4). To exclude an in vivo silencing in the expression of the CAT gene, the LacZ reporter system was used. Transgenic lines were produced with two promoterLacZ gene constructs. None of them showed β-galactosidase activity in skeletal muscles. Consequently, promoter sequences are not sufficient to drive skeletal muscle expression of human UCP3 in vivo. . Human UCP3 (hUCP3) and murine Ucp3 (mUcp3) mRNA levels were determined before (C) and after the treatments in gastrocnemius muscle. Results are expressed as fold induction of the mRNA levels quantified in control animals. Data are the means ± SE (n=5-9). *p<0.05, **p<0.01
Intron 1 is essential for UCP3 expression in skeletal muscle As the 16 kb fragment but not the promoter region confers expression of the transgene, DNA elements downstream of the transcriptional start site are likely to be crucial for human UCP3 expression in skeletal muscle. A new series of CAT constructs was produced containing 3.2 kb of the promoter and, downstream of the CAT gene, different sequences encompassing the first five introns (Fig. 1b) . The transgenic mice were screened for CAT activity in hindlimb muscle ( Table 2 ). The six transgenic lines containing fragments II and III that overlap introns 2 to 5 were negative for CAT expression. However, CAT activity was detected in hindlimb skeletal muscle of two mouse lines bearing the first intron (Fig. 1b) . Furthermore, the profile of CAT mRNA expression was determined in the distinct organs (Fig. 4a) . CAT mRNA expression was greater in biceps femoris, rectus femoris (another fasttwitch muscle) and gastrocnemius than in diaphragm and soleus muscle. No CAT mRNA expression was detected in heart, brown adipose tissue and kidney. Therefore, the expression of human UCP3 in skeletal muscles is driven by regulatory elements within the first intron. To see whether the presence of intron 1 conferred higher expression in muscle cells in vitro, transient transfection experiments were performed in L6 myotubes. Luciferase activity was higher with the construct containing intron 1 than with the construct containing the promoter alone (Fig. 5a) . However, the magnitude of increase was much lower than in the in vivo context. No expression was conferred by intron 1 in HIB-B1 cells derived from brown adipose tissue (Fig. 5b) . The data show that intron 1 is required for human UCP3 expression in skeletal muscle in vivo. The first intron was divided into several regions in order to determine more precisely the intronic location of the regulatory elements (Fig. 1c, Table 2 ). Two transgenic lines containing the 5′ moiety of intron 1 (fragment I1) expressed the transgene in skeletal muscle ( Table 2 ). None of the three lines with the 3′ moiety of the first intron (fragment I2) presented skeletal muscle expression of the reporter gene. The 5′ part of intron 1 was cut into two fragments, named I3 and I4, which overlap on about 100 nucleotides (Fig. 1c) . While transgenic animals bearing the most 5′ part of intron 1 (499 bp) were negative (fragment I3), two of the three transgenic lines with an internal 595 bp region (fragment I4) showed CAT activity in hindlimb muscle without ectopic expression in liver or spleen (data not shown). This small region of intron 1 contains elements necessary for skeletal muscle expression of human UCP3 in vivo.
The expression pattern among different type of skeletal muscle was determined by measuring CAT mRNA levels in the different positive transgenic lines (Fig. 4b) . Intron 1 (fragment I) and its 5′ moiety (fragment I1) conferred a profile similar to the human UCP3 gene. However, the transgenic mice with the 595 bp internal region of intron 1 (fragment I4) had a profoundly altered pattern with strong expression of CAT mRNA in the diaphragm and soleus. A similar profile was observed at the protein level with CAT enzymatic assay (data not shown). Altogether, the data reveal that skeletal muscle expression of human UCP3 depends on an internal region of intron 1 (fragment I4) but CAT or LacZ activities were determined on hindlimb muscles from three to six mice per transgenic line
The sizes of the promoter region are shown according to the transcriptional start site determined by Acin et al. [19] Each construct contained 657 bp of exon 1 because several transcriptional start sites have been reported [18, 19, 33] I  8  2  II  3  0  III  3  0  I1  3  2   I2  3  0  I3  3  0  I4  3  2 The constructs contain 3.2 kb of the promoter region, 657 bp of exon 1, the CAT gene and various intronic regions
The location and size of intronic fragments are shown on Fig. 1 CAT activity was determined on hindlimb muscles from three to six mice per transgenic line that a larger 5′ region (fragment I1) is necessary for proper distribution according to fibre types. An in silico analysis was next carried out on the entire intron 1 of the human UCP3 gene. Sequence alignments between different species (Homo sapiens, Pan troglodytes, Rhesus macacus, Mus musculus, Rattus norvegicus, Bos taurus and Canis lupus familiaris) revealed important conserved sites located in I3 part, I4 part and at the 3′ end of the intron. Computer-assisted analyses also revealed the existence of several potential sites for transcription response elements. We therefore tested, in L6 cells, the effect of several transcriptional regulators that potentially bind conserved elements, either alone (MyoD, forkhead box [ (MyoD and FOXO3A, FOXC2 , NRF2α, NRF2β, ETS2 or PPARα), on the −3.2 kb/ hUCP3prom-Luciferase constructs in the absence and the presence of intron 1. None of these factors led to an increase in luciferase activity associated with the presence of the first intron (data not shown).
Intron 1 is essential for the response to fasting
The transgenic mouse lines with expression of the CAT gene in skeletal muscle were submitted to 48 h fasting to identify the region of intron 1 involved in the response to fasting (Fig. 6) . In transgenic mice bearing the entire intron 1 (fragment I), induction of CAT mRNA expression was observed in rectus femoris, gastrocnemius and diaphragm (Fig. 6a) . In mice expressing the 5′ moiety of intron 1 (fragment I1) or the internal 595 bp of the first intron (fragment I4), fasting did not induce expression of CAT mRNA in skeletal muscles (Fig. 6b, c) . As a control of the effectiveness of fasting, we measured mouse Ucp3 mRNA levels in the skeletal muscles of mice derived from the different transgenic lines tested. As in wild-type animals, there was an upregulation of murine Ucp3 (data not shown). Therefore, the 3′ part of intron 1 (fragment I2), albeit not necessary for expression in skeletal muscle, is important for the response to fasting.
Discussion
So far, studies on the molecular mechanisms governing UCP3 regulation have relied on cellular models and in vitro approaches. However, UCP3 expression levels in cultures of skeletal muscle cells are very low compared with in vivo skeletal muscle. This is valid not only for mouse cell lines but also for primary cultures of human skeletal muscle cells [29] [30] [31] . Therefore, identification of the regulatory elements critical for total expression of UCP3 at physiological levels is likely to be impossible when relying on transient transfection of promoter-reporter gene constructs in cultured cells. Using a transgenesis approach, our study revealed that the first intron of the human UCP3 gene is essential for proper tissue distribution and that distinct regions are involved in skeletal muscle expression, fibre type specificity and response to fasting (Fig. 7) . (n=5-7) . BAT, brown adipose tissue; Dia., diaphragm; Gas., gastrocnemius; R.F., rectus femoris; Sol., soleus A region encompassing 16 kb of the human UCP3 gene sequence was sufficient to support skeletal muscle expression and regulation in transgenic mice. Higher levels of mouse than human UCP3 transcripts were observed in heart and brown adipose tissue. These data are in accordance with earlier findings suggesting different control of UCP3 expression between rodents and humans. Thus expression of UCP3 mRNA was higher in human than in rat heart [16, 32] . In contrast to rodent brown adipose tissue, where high levels have been reported, little or no expression of UCP3 was detected in human brown adipose tissue [32, 33] . Moreover, our data with the 16 kb construct are in agreement with the in vivo distribution of human UCP3 in mice with an 80 kb transgene encompassing 50 kb of 5′ flanking region and containing all the intronic regions [22] . Our data on cell lines confirm the specificity of expression of UCP3 in skeletal muscle cells vs brown adipocytes. Altogether the currently available information suggests that UCP3 shows higher specificity for skeletal muscle expression in humans than in rodents. Considering the profile of expression in the different muscles investigated, the rank order of expression among fibre types, i.e. type IIB≥type IIA/IIX>type I, in transgenic mice was similar to the endogenous profile described in human skeletal muscle [4] . Moreover, regulation by thyroid hormone and fasting was observed as shown earlier in humans [13, 17] . Therefore, all regulatory sequences crucial for tissue and fibre type distribution, as well as for hormonal and nutritional regulation were present in the 16 kb transgene. Generation of numerous transgenic mouse lines revealed that the promoter region is not sufficient for expression of human UCP3 and that intron 1 was indispensable for expression in skeletal muscle and fibre type specificity. The involvement of introns in skeletal muscle gene expression has been shown in vivo in few instances, e.g. for the acetylcholinesterase and dystrophin genes [34, 35] . In both, the enhancer is located in intron 1. Truncation of intron 1 of the human UCP3 gene showed that the 5′ part was necessary for a proper expression profile in the different skeletal muscles. Strikingly, further deletion pointed to an internal part that conferred expression in skeletal muscle, but totally abolished the differences between fibre types. Such a dichotomy makes the human UCP3 gene a unique model to delineate elements critical for skeletal muscle expression from sequences conferring fibre type specificity. The bio-informatic analyses driven on the entire human UCP3 intron 1 revealed that several sequences were conserved among species that could be implicated in transcription factor binding. Conceivably, these transcriptional regulators participate in muscle expression of human UCP3. However, none of the factors expressed transiently in the presence of intron 1 increased expression of the reporter system in L6 myotubes; this could either suggest that the factors and cognate cis-acting motifs tested are not involved in muscle specificity or that in vitro cellular transactivation systems do not support regulatory events occurring in vivo. The data raise the possibility that intron 1 of the human UCP3 gene could reveal new combinations of =5-7 ). *p < 0.05, **p < 0.01. B.F., biceps femoris; Dia., diaphragm; Gas., gastrocnemius; R.F., rectus femoris; Sol., soleus regulatory sequences and transcription factors involved in skeletal muscle expression and fibre type specificity.
Study of the molecular mechanisms controlling gene expression by fasting has received much less attention in skeletal muscle than in liver. The human UCP3 gene is strongly regulated by fasting both in rodents and in humans, an effect potentially mediated by fatty acids [13, [36] [37] [38] . Interestingly, we observed that the 3′ part of intron 1, albeit dispensable for muscle expression, was important for the response to fasting. Altogether, the data indicate that different regions of intron 1 are involved in skeletal muscle expression, preferential expression in glycolytic muscles or response to fasting.
Our data shed new light on the control of human UCP3 gene transcription and suggest interactions between cisacting elements in the promoter and different regions of intron 1 (Fig. 7) . In vitro studies focusing on the proximal promoter have shown that its activity was dependent on MyoD binding uncanonical elements close to the transcriptional start site [20, 21] . However, the present data clearly show that the 5′ region of intron 1 is needed for skeletal muscle expression in vivo. Therefore, a functional interaction between that region and the proximal promoter could be expected. Furthermore, cooperativity between several elements within that region acts to obtain specific expression in skeletal muscle and proper distribution among muscles with different metabolism. A direct repeat-1 element upstream of the MyoD binding sites mediates activation by PPARα and β. Crosstalk between the regulatory elements is suggested by the finding that MyoD is required for activation by a PPAR ligand. Accumulating evidence suggests that fatty acids induce UCP3 gene expression through PPARs [39] . The in vivo analyses described here demonstrate that a critical element in the 3′ part of intron 1 is likely to interact with the PPAR responsive element in the proximal promoter to obtain a full response to fasting. Nevertheless, we cannot exclude the possibility that elements for the response to fasting lie in the 5′ part of the first intron and act in synergy with sequences present in the distal part.
The molecular basis of the preferential expression of human UCP3 in skeletal muscles and its regulation by hormones and nutrients is of interest because skeletal muscles are important in energy homeostasis and because increasing evidence suggests that UCP3 plays a role in this process. Furthermore, UCP3 expression is decreased in type 2 diabetes [40] . This reduction has been shown in prediabetic and diabetic patients [41, 42] . The decrease of UCP3 expression is not attributable to fibre type diminution, since fast-twitch glycolytic fibres, in which UCP3 is preferentially expressed, are increased in muscles of diabetic patients. The relevance of studying regulatory sequences of the human UCP3 gene is furthermore supported by the association between a promoter polymorphism and risk of type 2 diabetes [24] . This study paves the way for future work aimed at dissecting the complex network of interactions between promoter and intronic cisacting elements and at deciphering the mechanisms underlying dysregulation of UCP3 in pathological conditions such as type 2 diabetes.
